Detergent treatments were examined for their efficacy in purifying trimethylamine-N-oxide (TMAO) demethylase activity from fish muscle microsomes. Tritons X-100 and X-45, deoxycholate, Brijs, Tweens 20, 65, and 80, and SDS were generally ineffective in solubilizing demethylase activity from this membrane fraction, at concentrations up to 10 mg detergent per mg protein. In all of these cases, specific activity became enriched in the particulate fraction obtained post-treatment. Highest fold-purification was achieved by using 10 mg SDS per mg protein in 5 mm his tidine, pH 7.0 at 10-14°C. Activity was relatively stable to the presence of SDS at this level, and with this treatment, TMAO demethylase activity became purified in the resultant particulate fraction 28-and 58-fold for activity stimulated by ascor bate-iron-cysteine and FMN-NADH, respectively. The presence of urea or 2-mercaptoethanol, or sonication of the SDS-microsome suspension during purification resulted in significant losses of recovered activity.
Detergent treatments were examined for their efficacy in purifying trimethylamine-N-oxide (TMAO) demethylase activity from fish muscle microsomes. Tritons X-100 and X-45, deoxycholate, Brijs, Tweens 20, 65, and 80, and SDS were generally ineffective in solubilizing demethylase activity from this membrane fraction, at concentrations up to 10 mg detergent per mg protein. In all of these cases, specific activity became enriched in the particulate fraction obtained post-treatment. Highest fold-purification was achieved by using 10 mg SDS per mg protein in 5 mm his tidine, pH 7.0 at 10-14°C. Activity was relatively stable to the presence of SDS at this level, and with this treatment, TMAO demethylase activity became purified in the resultant particulate fraction 28-and 58-fold for activity stimulated by ascor bate-iron-cysteine and FMN-NADH, respectively. The presence of urea or 2-mercaptoethanol, or sonication of the SDS-microsome suspension during purification resulted in significant losses of recovered activity.
This partially purified fraction represented about 1 % of the orginal microsomal protein and SDS-PAGE revealed the presence of several protein components. The partially purified demethylase could utilize the same two cofactor systems as the native microsomes. It displayed a curvilinear dependence on iron for activity and a sigmoidal response for cysteine. Utilization of NADH, FMN, and ascorbate differed for the purified fraction as compared to the microsomes. Substrate inhibi tion by TMAO was observed for the partially purified preparation, whereas saturation kinetics were previously noted for microsomal activity. Using the most conservative estimates, the partially purified preparation retained catalytic properties such that demethylation was 2 to 4 orders of magnitude faster than that for the non-enzymic reaction.
In our previous studies, we isolated and charac terized a crude microsomal fraction from red hake (Urophycis chess) muscle that enzymically de methylates trimethylamine-N-oxide (TMAO) (1, 2) . This TMAO demethylase system can utilize two discrete sets of cofactors (ascorbate, cysteine and iron, and FMN and NADH) and the preparation of the crude microsomes from minced muscle represents a 30-fold increase in specific activity. Crude preparations from pyloric caeca (3, 4) , liver (5, 6) , kidney (7, 8) , and muscle (9, 10) tissues of various fishes (especially gadoids) enzymically demethylate TMAO to dimethylamine (DMA) and formalde hyde (HCHO). Some of these investigators have extended their efforts to the isolation/purification of TMAO demethylase activity from liver (6) and kidney (8) . These studies have resulted in only modest purifications of activity (700-and 409-fold, respectively) and none have examined muscle tissue as a material for enzyme purification.
Bacterial TMAO demethylase activity is not tightly associated to any organelle and can be purified to apparent homogeneity by preparation of a sonic extract (11, 12) . On the other hand, demethylase activity in hepatic microsomes often requires treatment by detergent for removal and subsequent purification from these membranes (13, 14) . Mixed-function amine oxidase can be puri fied by a mixture of Tritons X-45, X-100 and X-102 (13) . Cytochrome P-450 can be purified to ho mogeneity by treatment of the microsomes with cholate followed by a step involving the detergent Renex 690 (14) . The use of detergents to solu bilize and purify membrane-associated proteins has been reviewed (15) (16) (17) and generally, the optimal conditions to purify a particular protein must be determined empirically. In this paper, we report the partial purification of TMAO demethylase from fish muscle microsomes by detergent treatment and a characterization of the partially purified enzyme. Determination of TMAO Demethylase Activity -Demethylase activity in the crude microsomes and the fractions resulting from detergent treat ments was measured as DMA production from TMAO as previously described (2) . The levels of detergents used in this study had no effect on GOx activity. Activity determinations were performed in duplicate and are reported as the means ± S.D. In some cases, wide variations in specific activities of different microsomal preparations and thus, partially purified enzyme were observed. For this reason, the data are reported following normaliza tion to 100% for the condition yielding greatest activity. The range in specific activities for the microsomes and partially purified preparations used for the experiments is provided.
Protein Determination-Protein was measured by a modified Lowry procedure (18) with BSA used as the standard. The levels of detergents used in this study did not interfere in the protein assay and all necessary blanks were accounted for. Protein contents were determined in triplicate.
Solubilization of Microsoinal Protein and TMAO Demethylase Activity by Detergents-De tergent treatments of microsomes were carried out under the following conditions, unless otherwise noted in the text. Fresh or one-day-old micro somal preparations were diluted to I mg protein per ml in 0.12 M KCl, 5 mm histidine, pH 7.0 at levels of detergent ranging between 0 and 10 mg per mg protein. Upon addition of detergent to the diluted membrane suspension, the mixture was vortexed for 5 s, incubated in ice for 30 min and centrifuged at 142,100 x gmax for 60 min. The supernates were decanted and the pellets were resuspended in 0.24 M KCl, 10 mm histidine, pH 7.0 by several strokes in a ground glass tissue homogenizer. Protein and TMAO demethylase activity were determined in the supernatant and particulate fractions and '/'o solubilization was calculated as the amount solubilized relative to that recovered in the two fractions. In the case where a pellet resulting from detergent treatment was retreated with detergent, the same conditions were employed as in the original treatment. The level of detergent was 10 mg/ml, and the volume of the second incubation medium was identical to that employed for the initial detergent treatment. (The protein content would be less in the second treatment.) In some cases, NaCl was substituted for KCl to prevent the precipitation of high levels of SDS. All treatments of microsomes by detergents were performed in duplicate in each experi ment.
SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)-SDS-PAGE was carried out as described by Porzio and Pearson (19) following modifica tions (20) . One-half ml samples containing <1 mg protein were used. To each, 0.5 ml of buffer solution was added to give I % SDS, 2 % 2-mer captoethanol, 4 M urea, 12.5 mm Tris, pH 8.8, 25;0 glycerol, and 0.001 % bromphenol blue in the final sample mixture. Samples were incubated at 50°C for 1 h prior to electrophoresis.
Electrophoresis tubes were cleaned with chro mic acid prior to casting the gels. Solid acrylamide and methylenebisacrylamide were repurified (21) and 7 % acrylamide gels were cast after combina tion of a deaerated working solution, deaerated 1.5% ammonium persulfate and pure TEMED. The working solution was prepared fresh from stock solutions and the resulting gel was composed 
RESULTS

Treatment of Mccrosomes with
Detergents-Up to 10 mg detergent (Triton X-100, deoxycholate, Brijs, Triton X-100 plus deoxycholate, Tween 20, Tween 65, Tween 80, and Triton X-100 plus Triton X-45) per mg protein generally solubilized less than 25 % of total (recovered) activity, in spite of up to 800/ solubilization of microsomal protein (data not shown). A series of experiments compared solubilization of activity vs. protein under several conditions (Table I ). Recovery of activity was generally monitored using the FMN-NADH cofactor system. Triton X-100 and deoxycholate solubilized up to 80% of the microsomal protein yielding about a 3-to 5-fold purification of activity in the recovered particulate fraction. Neither detergent was deleterious to enzyme activity. SDS solubilized greater than 95 % of the protein under the various conditions investigated while more than 50 % of the original activity of the microsomes was recovered. The presence of KCl, and to a lesser extent, NaCl precipitated SDS; this was enhanced by low temperature. Thus, purification of activity in the particulate fraction by SDS treatment was improved by increasing the temperature to 10-14°C, excluding NaCl and KCl, and maintaining a low concentration (5 mm) of buffer. Using this procedure, specific activity of the enzyme in the Electrophoretic grade SDS was required to achieve good purification with this detergent. Practical grade (70% lauryl sulfate) SDS was capable of solubilizing no more than 95% of the protein and caused greater losses in recoverable activity than did the purer SDS. Treatment of the microsomes with buffered KCl in the absence of detergent solubilized about 10% of the total activity.
In similar experiments using the best purifica The efficacy of a second SDS treatment for solubilizing activity was investigated (data not shown). Almost 50% of the protein of the sedi ment from the initial treatment with SDS was rendered soluble by the second treatment. However, 90% of the recovered activity following the second SDS treatment remained particulate. The second SDS treatment led to less than a 2-fold purification over the initial treatment. A similar two-step treatment using Triton X-100 was also relatively ineffective in purifying demethylase ac tivity from the membranes. In this case the first treatment solubilized 72 % of the protein and 23 of the recovered activity and the second treatment only solubilized an additional 7.5 % and 5.3 % of remaining protein and activity, respectively (data not shown).
Various conditions of, or components incor-porated into the SDS treatment of microsomes were found to influence the recovery of demethylase activity (Table II) . In all cases, the distribution of demethylase activity was followed by assaying the resulting fractions with the FMN-NADH cofactor system. The presence of 20 mm 2-mercaptoethanol or 4 M urea, or sonication reduced the amount of activity recovered post-treatment. Mercaptoethanol (96 % loss) and urea (> 99 % loss) were espe cially deleterious to activity; sonication reduced the amount of recovered activity to one-third. The presence of mercaptoethanol led to a greater reduction of activity recovered in the resulting pellet (99% c loss) than in the soluble phase (65% loss) relative to the control, following SDS treat ment whereas the extent of the effect of sonication was similar for both fractions. The incorporation of 50 mm EGTA or 20 mat TMAO into the SDS treatment medium did not significantly affect the recovery of activity.
In some experiments, the fate of demethylase activity as a function of these conditions was fol lowed by assaying with the ascorbate, iron and cysteine cofactor system. The fate of activity determined by this system following SDS treat ment in the presence of mercaptoethanol and urea was similar to that observed when the NADH-FMN cofactor system was employed. The pres ence of mercaptoethanol led to an 80" loss of original microsomal activity with a greater pro portional reduction in activity recovered in the particulate compared to the soluble fraction fol lowing SDS treatment. The presence of urea led to the loss of essentially all (>99%) demethylase activity during detergent treatment. As a result of these studies, a standardized procedure for the partial purification of TMAO demethylase was adopted for purposes of characterization. This was the use of electrophoretic grade SDS in 5 mat histidine, pH 7.0 at 10-14"C (conditions as de scribed in Table I ).
SDS-PAGE Analysis of Microsomes and Frac tions Resulting from Detergent
Treatments-Although muscle microsomes (derived from sarco plasmic reticulum) were once considered to be simple in protein composition, recent and closer examination has determined the presence of [15] [16] [17] [18] [19] [20] protein components in muscle membranes (22) . The SDS-PAGE protein profile of red hake muscle microsomes is presented in Fig. 1 Activity of the partially purified fraction as a function of iron concentration in the presence of cysteine and ascorbate is described in Fig. 3 . Stimulation of activity by iron displayed a slight curvilinear character with no significant preference for either ionic state. Ascorbate was more stimu latory to TMAO demethylation than was cysteine at concentrations less than 2 mm (Fig. 4) . Cysteine was more stimulatory than ascorbate at the higher concentrations investigated and displayed sig moidal kinetics. Both of these trends were also observed for the native microsomes (2) . Stimu lation of the partially purified fraction by ascor bate had an optimum at 2 mm, above which activ ity was largely independent of concentration. (up to 10-fold) among the partially purified frac tions (see figure legends) . This observation was also made for the various crude microsomal prep arations (1, 2) , and this may be in part an effect of biological variation among the fish muscle tis- Activity of the partially purified fraction as a function of TMAO concentration for both cofactor systems is presented in Fig. 7 . Activity generated anaerobically by FMN (0.1 mm) and NADH (0.4 mm), and aerobically by ascorbate (2 mm), cysteine (2 mm), and iron (0.2 mm) displayed an optimum for TMAO concentration between 10-25 mm and at 50 rum, respectively. Above these concentra tions, inhibition was observed. The microsomal demethylase system was not subject to substrate inhibition (up to 150 mm TMAO) under identical conditions (2 SDS-PAGE analysis of the partially purified (particulate) demethylase resulting from SDS treat ment revealed the presence of several protein com ponents, including probably Ca "~-ATPase. It is possible that more than one of these proteins is required for activity. Supporting evidence for the participation of more than one component involved in TMAO demethylation comes from a complex thermal deactivation profile (2) . Other studies on purification of TMAO demethylase from fish organ tissue have reported the requirement of more than a single protein component for activity (6) or four distinct isoenzymes (8) .
When included in/with the SDS treatment, mercaptoethanol, urea, and sonication led to vari ous degrees of losses in recovered activity. That demethylase activity catalyzed by both cofactor systems was sensitive to deactivation under similar conditions of purification may provide further evi dence for these systems utilizing a common protein component for activity. Previous evidence comes from the observation that activity by both cofactor systems segregates to similar extents during subcellular fractionation of muscle tissue and the presence of components of one cofactor system inhibit microsomal demethylase activity generated by the other (2). Activity by both systems was sensitive to the presence of 20 mm mercaptoetha nol (80-96% loss in recovered activity) and 4 M urea (> 99 loss). The effect of mercaptoethanol implies that the maintenance of disulfide bonds in the partially purified fraction may be required for activity. However, the incorporation of mer captoethanol into the buffers used in preparing microsomes stabilizes activity (2) . Demethylase activity may be protected from the deleterious effect(s) of mercaptoethanol in the native micro somes and becomes susceptible to deactivation upon destruction of the membrane during treat ment with SDS. Sonication of the SDS-micro somal suspension during purification resulted in losses in recovered demethylase activity catalyzed by FMN and NADH. Sonication also leads to reduced rate of dimethylaniline demethylation by hepatic microsomal mixed function amine oxidase (29) . As was the case for mercaptoethanol, soni cation of a suspension of native muscle micro somes in the absence of detergent had no deleteri ous effect on demethylase activity. In addition, sonication of microsomal suspensions in the pres ence of 10 mg DOC or Triton X-100 per mg pro tein led to no deactivation of demethylase activity (unpublished observations).
It was observed that 10% of the original microsomal dernethylase activity could be solu bilized by buffered KCl in the absence of detergent.
This observation suggests the possibility that two forms of the enzyme exist, one integral to the membrane (resisting solubilization by SDS) and another, peripheral.
Other investigators have suggested the existence of multiple forms of TMAO demethylase in cod kidney membranes (8) and in fish liver tissue (6).
The partially purified fraction displayed the same cofactor requirements as did the native mi crosomes (refer also to Ref. 2). However, the manner in which the partially purified enzyme utilized cofactors was somewhat different than for the native microsomal preparation.
The biphasic pattern of ascorbate stimulation in the microsomes was not observed for the partially purified enzyme. In the latter case, ascorbate stimulation at 0-2 mm resembled that of the microsomes over the lower range (0-4 mm) of ascorbate concentrations ex amined, and was zero-order at the higher levels. The second phase of ascorbate stimulation (8-10 mm) in the microsomes was apparently lost as a result of partial purification by SDS. If the pattern of ascorbate stimulation in the microsomes is due to two different protein moieties, then perhaps the protein through which ascorbate func tions at high (8-10 mm) concentrations is solu bilized and/or denatured as a result of the puri fication procedure. The partially purified fraction displayed a similar sigmoidal dependency on cys teine as did the crude microsomal preparation.
Upon purification of demethylase activity from the membranes, much of the original sigmoidal character of activity as a function of FMN and NADH concentration was lost. Furthermore, the response of the partially purified fraction displayed an optimum for NADH concentration rather than the saturation observed for the native microsomes. A consequence of purification by SDS may be the removal of proteins competing for NADH and FMN from the partially purified enzyme, allowing stimulation by these components to occur at con centrations lower than observed for the micro somes. A possibly related observation was that demethylase activity generated by NADH alone was essentially lost upon partial purification of the enzyme from the microsomes. However, the synergistic action of NADH and FMN was still maintained. In addition to the removal of several proteins, physical disruption of the membrane architecture as a result of detergent treatment may play a role in the manner by which the partially purified fraction utilizes these cofactors. Following partial purification of the demethylase, activity as a function of FMN concentration changed from sigmoidal to biphasic. This biphasic response may indicate two separate mechanisms (or two proteins) by which FMN is utilized, one mech anism involving a high affinity site and the other, a low. (10) and for a partially purified enzyme preparation from fish liver (6) has previ ously been reported.
